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ABSTRACT

The histochemical and morphometric characteristics of the vastus medialis longus and vastus medialis
obliquus muscles were studied and compared with data on vastus lateralis. Cross-sections of autopsied
muscles from 9 healthy men, aged 18-4 y, who had died suddenly were analysed. Data were obtained on
proportions, cross-sectional diameter, and on atrophy and hypertrophy factors, of type 1, 2a, 2b, and 2c
fibres. The analysis showed that the anatomical differences and the different functional demands placed on
vastus medialis longus and vastus medialis obliquus are also expressed in different proportions and sizes of
fibre types in the two muscles. The proportion of type 1 fibres was significantly higher (P < 0.01), and the
proportion of 2b fibres was significantly lower (P < 0.01) in vastus medialis longus than in vastus medialis
obliquus. The diameters of type 1 and type 2a fibres were significantly smaller (P < 0.01) in vastus medialis
longus than in vastus medialis obliquus, although the differences were small. Within muscles a nonrandom
arrangement of fibre types existed with the deeper portions of the muscles having more type 1 fibres than
the more superficial portions. The histochemical and morphometric characteristics of vastus lateralis and
vastus medialis obliquus show great similarity, reflecting the common function of both muscles which is
taking part in transverse knee stability. Estimates of the limits of normality of the proportion, diameter,
atrophy and hypertrophy factors of type 1, 2a, 2b, and 2c fibres might be useful in obtaining information on
how different physiological and pathological conditions influence the proportion and size of different fibre
types. This information could also be helpful in planning of specific muscle-training programmes with the
purpose of restoring normal muscle function.
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INTRODUCTION

Quadriceps femoris is a powerful extensor of the knee
joint. When the knee is hyperextended quadriceps is
not required for maintenance ofthe erect position, but
when flexion is initiated, quadriceps is strongly
activated so as to prevent a fall resulting from knee
flexion. Quadriceps consists of 4 muscles: vastus
intermedius (VI), vastus lateralis (VL), and vastus
medialis (VM) are monoarticular muscles, and rectus
femoris (RF) is biarticular. For many years it was
thought that vastus medialis primarily functioned in
the last 15° of knee extension. However, detailed
studies have repeatedly failed to support this belief,

indicating that all 4 muscles of the quadriceps are
active early and throughout the range of motion. A
thorough account of the vastus medialis controversy
can be found in Speakman & Weisberg (1977).
A close inspection of vastus medialis demonstrates

that muscle fibres follow two distinctly different
alignments, which are also anatomically distinct. The
two parts ofVM can be differentiated by means of a
femoral nerve branch, which runs superficially, in the
areolar fascial plane, or deeply between them
(Weinstabl et al. 1989). A division of vastus medialis
into long and oblique components was introduced by
Lieb & Perry (1968). Vastus medialis longus (or pars
longus) (VML), the proximal part of vastus medialis,
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inserts at the base of the patella. The fibres in this long
head are directed vertically, deviating an average of
15°-180 medially from the longitudinal axis of the
femur. Vastus medialis obliquus (or pars obliquus)
(VMO), the distal part of vastus medialis, mainly
originates from the adductor magnus tendon and
inserts at the medial margin of the patella (Bose &
Kanagasuntheram, 1980). The fibres in this short
head are more horizontal, deviating an average of
50°-55° medially from the femoral axis. (Fig. 1).
Disuse of extensor muscles, secondary to knee joint
trauma, arthritis, and infection, often results in
atrophy which, based on clinical observations, pre-
dominantly affects the distal part of VM. Vastus
medialis longus and vastus medialis obliquus are also
functionally different (Lieb & Perry, 1968; Speakman
& Weisberg, 1977; Bose & Kanagasuntheram, 1980;
Basmajian & DeLuca, 1985). Vastus medialis longus
is purely an extensor of the leg. Vastus medialis
obliquus is a weak extensor of the leg, but it plays an
important role in keeping the patella on track in
gliding on the femoral condyles. The medially directed
forces of the VMO counteract laterally directed forces
of the vastus lateralis, thus preventing lateral dis-
placement of the patella in the trochlear groove. A
biomechanical imbalance of the two muscles may lead
to abnormal patellar tracking, which may elevate
patellofemoral contact pressures, causing pain and
participate to pathological changes in patellofemoral
articular cartilage (Fox, 1975; Outerbridge & Dunlop,
1975; Insall, 1982).
Histochemical and morphometric analyses are

among the most useful ways to analyse the structure
and function of healthy and diseased human skeletal
muscle (Johnson et al. 1973; Polgar et al. 1973;
Bennington & Krupp, 1984; Dubowitz, 1985; Engel,
1986), which is characteristically composed of fibres
with different structural and functional properties.
Based on the alkaline and acidic lability of the
myofibrillar adenosine triphosphatase (mATPase)
activity, the fibres can be classified into different fibre
types (Brooke & Kaiser 1970; Dubowitz, 1985). At
alkaline pH, the type 1 (slow-twitch) fibres have a low
mATPase activity, whereas type 2 (fast-twitch) fibres
react strongly. A further subdivision of type 2 fibres
into types 2a, 2b, and 2c fibres can be achieved by
preincubation at different levels of acidity. Histo-
chemical and morphometric characteristics of normal
muscle fibre types depend on age (Essen-Gustavsson
& Borges 1986; Lexell et al. 1988; Oertel, 1988;
Glenmark et al. 1992), sex (Essen-Gustavsson &
Borges, 1986; Glenmark et al. 1992) and the specific
muscle studied (Johnson et al. 1973; Polgar et al.

1973). In normal muscles there is also a considerable
interindividual and intersample variation regarding
fibre type proportion and size (Sandstedt, 1981;
Nygaard & Sanchez, 1982; Mahon et al. 1984; Erzen
et al. 1990). However, it is not clear whether the
distribution of fibre types varies systematically as a
function of depth. Studies on human vastus lateralis
muscles gave conflicting results (Nygaard & Sanchez,
1982; Lexell et al. 1983; Erzen et al. 1990). The size
also varies from fibre to fibre in the same sample.
Exercise (Gollnick et al. 1972; Costill et al. 1979),
inactivity (Lindboe & Platou, 1982), immobilisation
(Booth & Kelso, 1973), electrical stimulation (Pette &
Vrbova, 1992) and different muscle diseases (Brooke
& Engel, 1969; Verma et al. 1992) can change the
normal values of proportion and size. An obvious
prerequisite in the study of pathological or physio-
logical conditions, influencing the histochemical and
morphometric characteristics of different fibre types,
is to determine the best possible estimate of the limits
of normality in healthy individuals comparable by
age, sex and muscle. Because many characteristics of
muscle fibres are influenced by the pattern of usage
(Saltin et al. 1977), it was hypothesised that the VMO
and VL muscles would show a high degree of
histochemical and morphometric similarity, and that
VML would differ both from VMO and VL. The
purpose of this study was thus to investigate the
histochemical and morphometric characteristics of
VML and VMO in young healthy males in order to
establish the normal limits of these characteristics, to
make comparisons with VL muscles, and to study the
fibre type distributions between superficial and deep
sites.

MATERIALS AND METHODS

Sections oftheVML andVMO muscles were obtained
at autopsy from 9 young men (mean age 29.3 y, range
18-44 y) who had suffered sudden death. None of the
subjects had a history of neuromuscular disease, and
postmortem examinations revealed no evidence of
pathological abnormalities. All specimens were
obtained from the right leg within 15 h after death.

Preparative procedure

Two slices, about 10 mm thick, were cut from the
whole vastus medialis muscle. The first slice was cut
from the VML approximately 15 cm proximal to the
base of the patella and the second from the VMO near
the superomedial border of the patella. Three blocks,
each measuring approximately 1 cm3, from the super-
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Fig. 1. Separation of vastus medialis longus (VML) and vastus
medialis obliquus (VMO) muscles, and sites of sampling indicated
on transverse sections of VML (1-3 superficial region, 4-6 deep
region) and VMO (7-9 superficial region, 10-12 deep region).

ficial and 3 from the deep portion of each muscle (Fig.
1) were cut from the slices and frozen in liquid
nitrogen. Myofibrillar adenosine triphosphatase
(mATPase) activity was demonstrated in serial 10 gm
transverse sections with the calcium method
(Padykula & Herman, 1955) at pH 9.4, and after
preincubation at pH 4.6 and 4.3 (Guth & Samaha,
1969). The sections stained for mATPase activity in
alkaline medium were fixed in 2% paraformaldehyde
in 0.1 N cacodylate buffer pH 7.2 with addition of
0.4 M sucrose. In each section a fascicle, not com-

prising smaller fascicles and well defined by its
perimysium, was photographed by an Opton photo-
microscope with an average total linear magnification
of x 115. By combining observations from 3 serial
cross-sections, the muscle fibres were classified as type
1, 2a, 2b and 2c fibres (Brooke & Kaiser, 1970).

Data acquisition and preprocessing

Photographs of the transverse sections stained for
mATPase activity in alkaline medium were used to
measure the size of fibres. The contours of all fibres
within a selected fascicle were digitised with the aid of
a Cherry graphic tablet connected to an IBM PC/AT
compatible computer which also served for further
calculations. From the fibre boundary points, the
lesser diameter was calculated by treating each fibre in
a cross-section as an ellipse. Individual fibre diameters
were used to determine means, standard deviations,

and to obtain the lower (11) and upper (ul) limits of
normal diameters of different fibre types. The atrophy
(AF) and hypertrophy (HF) factors, and the upper
limits of these factors (ul(AF) and ul(HF)) accepted as
being normal, were determined from the diameters as
described by Pernus & Erzen (1994). Briefly, the lower
limits, 11, were set at the 2.5 centile and the upper
limits, ul, at the 97.5 centile on the fibre type diameter
density curve. The atrophy and hypertrophy factors,
which express the number and extent of abnormally
small and abnormally large type t, t = 1, 2a, 2b, 2c
fibres, were defined as

1000 N(t)
AF(t) = Nt E w(d1(t))

N(t) i-i
di(t) <11(t)

1000 N(t)
HF(t) = N(t) w(d2(t))

di(t) > ul (t)

where N(t) is the number of type t fibres in a sample,
d the diameter of a fibre, and w the weight, given to a
fibre diameter in linear proportion to the distance for
which the diameter falls outside the normal range.
The upper limits ofatrophy ul(AF(t)) and hypertrophy
ul(HF(t)) factors accepted as being normal were set at
the 95th centile on the atrophy or hypertrophy density
curve.

Statistical methods

Throughout the data analysis, the SYSTAT (version
5.03) statistical package (SYSTAT, Inc.) was used to
calculate means and standard deviations (S.D.) as well
as for simultaneous pairwise comparison (Bonferroni
procedure).

RESULTS

For each individual subject, data on the age, number
of fibres analysed, and the fibre type proportions are
given in Table 1 (VML) and Table 2 (VMO). In both
muscles, the S.D.S and ranges indicate a considerable
intersample variation in fibre type proportions. In
VML, the mean differences between the highest and
lowest intrasubject proportions of type 1, 2a, and 2b
fibres were 24, 24.5 and 13.5%, respectively, and in
VMO these mean differences were 27, 21.7 and 21.9%,
respectively. Interindividual differences were also
apparent. In VML the mean proportion of type 1
fibres was higher than the mean proportion of type 2a
and 2b fibres in all subjects except subject 5, whereas
in VMO this was true in 6 subjects. In all subjects the
proportion of type 1 fibres was higher in VML than in
VMO. In 6 subjects the difference was significant (P <
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Table 1. Fibre type proportions within the fascicles of vastus medialis longus

Proportion of Proportion of Proportion of
type 1 fibres type 2a fibres type 2b fibres

No. of
Subject Age (y) fibres % S.D. Range % S.D. Range % S.D. Range

1 18 855 56a 9 42-66 31 13 8-45 lOb 9 0-24
2 18 688 65a 7 55-72 35a 7 28-45 0 0 0-0
3 22 515 51 10 36-61 28 12 12-48 15 12 2-26
4 23 647 650 10 49-77 28b 7 18-37 4 6 0-14
5 26 538 390 8 30-52 55 10 41-67 5a 4 0-10
6 31 858 59 10 43-68 29 5 20-32 12 9 0-24
7 40 841 68a 11 53-79 24 9 11-38 8b 6 0-15
8 42 506 71 b 6 64-82 28 6 18-36 1a 1 0-3
9 44 895 62 12 44-75 35 12 24-53 3a 4 0-8

aSignificantly different (P < 0.01) from VMO (Table 2). b Significantly different (P < 0.05) from VMO (Table 2).

Table 2. Fibre type proportions within the fascicles of vastus medialis obliquus

Proportion of Proportion of Proportion of
type 1 fibres type 2a fibres type 2b fibres

No. of
Subject Age (y) fibres % S.D. Range % S.D. Range % S.D. Range

1 18 1019 35 5 26-41 36 7 25-47 25 10 13-37
2 18 679 43 9 35-58 55 8 42-64 0 0 0-0
3 22 667 42 8 30-51 28 7 20-37 19 12 5-34
4 23 680 41 15 25-63 40 7 33-51 4 4 1-12
5 26 443 26 6 17-33 49 10 30-59 21 12 1-37
6 31 865 51 10 38-66 31 10 18-41 17 10 2-28
7 40 653 46 12 29-66 35 8 25-47 18 8 9-29
8 42 739 58 11 42-75 31 10 20-43 11 8 2-22
9 44 769 53 10 41-65 26 9 16-36 19 12 0-31
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Fig. 2. Fibre type composition of whole and of superficial, and deep
portions of VML. Bars denote means and the vertical lines + S.E.M.
(a) Significantly (P < 0.01) different from VMO (Fig. 3). (b, c)
Significant differences (P < 0.01 and P < 0.05, respectively) be-
tween superficial and deep portions.

0.05). The proportion of 2b fibres was higher in VMO
than in VML in 6 subjects and the difference was
significant (P < 0.05) in 5 subjects. In all samples of
the VMO, except in samples of subject 2 and 1 sample
of subject 9, the proportion of 2b fibres differed from
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Fig. 3. Fibre type composition ofwhole and of superficial, and deep
portions ofVMO. Bars denote means and the vertical lines + S.E.M.
(a) Significant differences (P < 0.01) between superficial and deep
portions.

0. In VML there were no type 2b fibres in 19 out of
54 samples.
The fibre type composition obtained from the data

for all samples and from samples from the superficial
(S) and deep (D) sites ofVML and VMO, are shown
in Figures 2 and 3. The proportion of type 1 fibres was
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Table 3. Mean, S.D., lower and upper limit of diameters, and
upper limits of atrophy and hypertrophy factors of VML and
VMO muscles.

Muscle fibre type

Muscle 1 2a 2b

VML Mean 60.la 59.2a 56.5
S.D. 12.5 12.2 12.3
11 36.9 35.9 34.2
ul 85.9 82.8 84.2
ul(AF) 41 26 20
ul(HF) 89 24 20

VMO Mean 63.8 63.9 56.7
S.D. 13.5 14.4 14.2
11 39.1 38.4 31.9
ul 91.4 94.9 85.6
ul(AF) 64 55 62
ul(HF) 75 57 60

aSignificantly different (P < 0.01) from VMO.

significantly (P < 0.01) higher and the proportion of
2b fibres was significantly (P < 0.01) lower in VML
than in VMO. The proportion of 2a fibres did not
differ significantly between the 2 muscles. Systematic
differences were found between sites. In both muscles
the proportion of type 1 fibres was higher in samples
taken from the deep portion than in those from the
superficial part. The difference was statistically signifi-
cant (P < 0.01). The opposite was true for the
proportions of type 2a and 2b fibres.

Table 3 gives the mean, S.D., lower, and upper limit
of the diameters, and the upper limits of fibre type
atrophy and hypertrophy factors in all samples of
VML and VMO, respectively. In both muscles high
S.D.s reflect the intrasample and intersample
differences, as well as a variation between subjects.
Because of this large variability the ranges of normal
fibre type diameters determined as ul-ll were high. In
VML the highest intersubject differences (not given
here) of type 1, 2a, and 2b, mean diameters were 16.5,
18.3, and 21.7 gim, respectively. In VMO these
differences were 17.0, 14.5, and 27.3 gm, respectively.
The mean fibre type sizes were within the size ranges
of each subject. In both muscles type 2b fibres were
the smallest and type 2a fibres the largest in most
subjects. The diameters of all fibre types, except type
2b fibres, differed significantly (P < 0.01) between the
2 muscles. Fibres of all types were larger in VMO than
in VML. Although the differences between the mean
diameters were significant, they were small. Type 1
fibres were larger in VMO than in VML in 8 subjects
and type 2a fibres in 7 subjects.

DISCUSSION

Data on the range of normal values of different
histochemical and morphological features in different
human muscles, in both sexes and in different age
groups, are essential for the understanding of a
normal muscle, as well as in the study of pathological
and/or physiological conditions, influencing the histo-
chemical and morphological features of different fibre
types. Quantitative values may also be of use when
designing treatment protocols, which incorporate
exercises to strengthen a muscle or a group of muscles
selectively. The sampling error, which may occur due
to the small size of specimens, is well known
(Sandstedt, 1981; Nygaard & Sanchez, 1982; Erzen et
al. 1990). Therefore, to set the standard values for
mean, lower and upper limits of the proportions and
sizes of different fibre types, and for the upper limits
of the atrophy and hypertrophy factors, a represen-
tative number of subjects, samples, and fibres have to
be analysed. The reasons for this are the intersubject,
intersample, and intrasample histochemical and size
differences. For ethical and practical reasons, it is
difficult to obtain large numbers of biopsies from
normal individuals, therefore data from autopsy
material are used to provide normal values. In the
present study, in which samples were obtained from
the right leg, the preferential usage of lower limbs was
unknown. Since several studies (Blomstrand et al.
1984; Essen-Gustavsson & Borges, 1986; Erzen et al.
1990) indicated that there were no significant
differences in muscle fibre type proportion and size
between the right and left leg, we believe that standard
values, obtained in this study, could be representative
for both legs.
The apparent intersample and interindividual vari-

ability in fibre type composition and size, as obtained
in the present study, is in accordance with obser-
vations on other human muscles (Sandstedt, 1981;
Nygaard & Sanchez, 1982; Lexell et al. 1983;
Lindman et al. 1990). It is well known that the skeletal
muscle, due to its extreme plasticity, is able to adapt
quickly to changed physiological requirements, and to
respond to experimental conditions (Pette, 1980).
Because of the marked intersample variability of
histochemical and size characteristics, it would also be
possible to use the standard data as a reference in
various studies especially when pathological and/or
physiological conditions influence only one limb
(immobilisation, exercise, injuries of the anterior
cruciate ligament, meniscus rupture, cartilage damage,
and arthritis). Thus taking biopsy specimens from the
other ('normal') extremity, as an adequate control
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material, could be avoided. Because disuse of one
lower limb affects the normal kinematics of the whole
body, it is questionable whether the biopsy taken
from the unaffected leg is any better as reference
material as is the standard data.
The present study shows that the anatomical

differences and the different functional demands,
placed on the VML and VMO, are also expressed in
different proportions and sizes of muscle fibre types in
the two muscles. Vastus medialis longus and vastus
medialis obliquus significantly (P < 0.01) differ in the
proportion of type 1 (59.6% :44%) and type 2b
(6.3%: 15 %) fibres. The VML muscle is almost
entirely composed of type 1 and type 2a fibres. In
many samples of this muscle no 2b fibres were found.
The proportion of slow-twitch type 1 fibres is nearly
twice as high as the proportion of fast-twitch type 2a
fibres. In VMO, the proportion of fast-twitch type 2
fibres is higher than the proportion of type 1 fibres.
These observations indicate that VML is a slower and
more fatigue-resistant muscle than VMO. These
characteristics correspond to the different functions of
the VML, which is an extensor of the knee and to the
VMO, which maintains the stable position of the
patella in the femoral groove. The present data do not
support the hypothesis that, besides proportions,
differences in fibre type diameters could be an
indication of different functions of the VML and
VMO. Although the diameters of type 1 and 2a fibres
were significantly smaller (P < 0.01) in VML than in
VMO, type 1 fibres were on the average only 3.7 gtm
smaller and type 2a fibres only 4.7 gm smaller in VML
than in VMO. We are not aware of any publications
on the proportions and diameters of type 1, 2a, 2b and
2c fibres in VML and VMO, although Lindboe &
Platou (1982) reported on the proportions and cross-
sectional areas, Johnson et al. (1973) on the pro-
portions, and Polgar et al. (1973) on the diameters of
type 1 and 2 fibres in vastus medialis.

Recently, we have analysed the vastus lateralis (VL)
muscle of young, 18-29-y-old healthy men (Pernus &
Erzen, 1994). Although the subjects, analysed in both
studies, were not the same we believe that, because the
same preparative procedure and the same methods
were used in the present and previous investigations,
the 3 muscles may be compared with each other.
Simultaneous pairwise comparisons of the proportion
of different fibre types in the 3 muscles showed that
VL and VML differ significantly (P < 0.01) in the
proportion of type 1 fibres, whereas the proportion of
this type of fibre was not significantly different
between VL and VMO. The proportion of type 2a

muscles, whereas all muscles significantly differed
between themselves as type 2b fibres are concerned.
The vastus lateralis muscle has the highest proportion
of 2b fibres. Grabiner et al. (1991) conducted an

investigation to examine effects of fatiguing, isometric
and dynamic knee extension exercise on the relative
fatigability of the VMO and VL in a group of subjects
with no knee pathology. His results showed statis-
tically similar fatigability for the VMO and VL with
an indication of a trend in the dynamic experiment,
suggesting a greater propensity for fatigue in the VL.
The present finding, that the proportion of 2b fibres is
higher in VL than in VMO, is in agreement with these
observations. Fibre type composition directly affects
fatigability. Fast-twitch glycolytic type 2b muscle
fibres, which produce greater amounts of lactic acid as

a normal by-product of anaerobic metabolism than
do slow-twitch oxidative type 1 fibres and fast-twitch
oxidative-glycolytic type 2a fibres, are less fatigue
resistant than type 1 and 2a fibres. With respect to the
diameters of type 1, 2a, 2b, and 2c fibres VL differed
significantly from both VML and VMO. The
differences, however, were small. The largest
difference (7.9 gm) was found between the diameter of
type 1 fibres in VL and VMO. It seems that the fibres
in VL are somewhat smaller than the fibres in VML
and VMO. The present findings are in agreement with
the observation made by Polgar et al. (1973) that 'the
main way in which human muscles are adapted to
fulfill their varying physiological roles is not by means
of any constant or conspicuous difference in the sizes
of the different fibre types, but rather by means of
their varying numerical fibre type constitution'.
Changes in the fibre size, which may have a

physiological and/or pathological basis, can lead to
fibre type atrophy or hypertrophy, which can be
expressed by atrophy and hypertrophy factors
(Brooke & Engel, 1969; Pernus & Erzen, 1994). These
factors reflect the number and extent of abnormally
small and abnormally large fibres, i.e. fibres whose
size falls outside the range determined by the lower (ll)
and upper (ul) limits of normal fibre type diameters.
By calculating the fibre type AF and HF in a sample,
and by comparing these factors with the accepted
upper limits of normal, the extent of atrophy or

hypertrophy can be determined objectively and quan-

titatively. Moderate restriction of movement of some
weeks' duration leads to a clear atrophy of an affected
muscle. Different causes of disturbance of motility,
such as immobilisation, patellofemoral pain, in-
stability of the knee joint, and arthritis, may affect
the size and proportion of fibre types differently.

fibres was not significantly different between the three Establishing a connection between the cause of
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disturbance of motility and both fibre type proportion
and atrophy might provide some useful information
for planning of specific muscle-training programmes
for restoring normal muscle function. Atrophy ofVM
was studied in patients with chronic instability of the
anterior cruciate ligament (Edstr6m, 1970; Baugher et
al. 1980) and meniscus rupture (Lindboe & Platou,
1982). The histochemical studies of biopsy specimens
yielded contradictory results. Edstr6m (1970) found
selective atrophy of varying degree in type 1 fibres.
Although the exact location of the biopsy was not
indicated, it can be concluded that, since biopsies were
performed in conjunction with arthrotomy, they were
taken from VMO. Baugher et al. (1980), however,
reported a selective decrease of type 2 fibre size, and
recommended a specific programme of strength and
power exercises for patients with deficiency of the
anterior cruciate ligament. Lindboe & Platou (1982),
who studied patients with the rupture of a meniscus,
found that the type 1 and type 2 fibres were equally
affected with a size reduction of 27.6 and 25%,
respectively.
The present study shows that the fibre type

distribution ofVML and VMO is not random. There
is a systematic difference in fibre type proportions
between the superficial and deep regions, with more
type 1 fibres in deep than in superficial regions and
more type 2a and 2b fibres at the surface than in
deeper regions. Therefore, in VML and VMO, the site
of biopsy should be well defined. It is not clear
whether in humans such a distribution reflects current
functional demands placed on VM, or if it is just a
vestige of an ordered spatial distribution, possibly
needed to facilitate survival, still clearly present in
some animal muscles. Differentiation of muscle fibres
into distinct types originates early in development.
The pattern of muscle fibre types progressively evolves
from a homogeneous primordium, as a consequence
of myotubes, differentiating according to the time of
their formation and their position within the muscle.
In small rodents two generations of myotubes are
formed by temporally discrete phases of myoblast
fusion (Rubinstein & Kelly, 1981; Harris et al. 1989;
Condon et al. 1990). A similar temporal course of
differentiation was noticed in birds (McLennan, 1983),
whereas in larger mammals such as sheep (Wilson et
al. 1992) and man (Draeger et al. 1987), three
generations of myotubes were observed. In addition
to the time of formation, the fate of muscle cells is also
determined by their position within a muscle (Harris
et al. 1989; Condon et al. 1990). In many rat hindlimb
muscles, slow muscle fibres are concentrated in deeper,
axial portions, whereas fast fibres predominantly

occupy the superficial portion. The result of such a
temporal and spatial regulation of fibres is that, at
birth, muscles contain a mixture of fibre types and
that within particular muscles fibre types are not
randomly intermingled in a mosaic pattern,
but have an ordered spatial distribution. The
differentiation of muscle fibres continues in postnatal
life, and as the animal or human matures, the
fundamental plan is modulated by environmental
effects. Nevertheless, there is some evidence that adult
animal skeletal muscles retain the spatial pattern,
introduced early in muscle histogenesis (Armstrong et
al. 1982; Armstrong & Phelps, 1984; Lexell et al.
1994). As far as our knowledge is concerned, it is not
clear whether human skeletal muscle fibres undergo a
similar spatial pattern of differentiation. However,
analyses of adult vastus lateralis muscle, which is one
of the most studied human muscles, gave conflicting
results. Evidence supporting the possibility of regional
patterns of fibre specialisation was provided by
Johnson et al. (1973) and Lexell et al. (1983), who
found a predominance of type 2 fibres at the surface
and type 1 fibres in deep regions. Others, however,
have found a nonsystematic difference in the dis-
tribution of fibre types (Elder et al. 1982; Nygaard &
Sanchez 1982; Mahon et al. 1984; Erzen et al. 1990).

In conclusion, results of this study provide evidence
that the VML and VMO are not only anatomically
and functionally different muscles, but that their
histochemical characteristics are also significantly
different. Differences in fibre type sizes are evident as
well, but are less pronounced. A similar function and
fibre type constitution of the VL and VMO might in
part explain the difficulties in selectively strengthening
the VMO muscle (M0ller et al. 1987; Hanten &
Schulthies, 1990; Grabiner et al. 1991).

ACKNOWLEDGEMENTS

We are grateful to Mrs M. Cvetko, Mrs M. Jarc, Mrs
T. Kovac, Mrs C. Mehle-Kovacic, and Mrs A.
Tomazincic for their invaluable technical assistance.
This investigation has been supported by the Ministry
of Science and Technology of the Republic of Slovenia
and by the Rector's Foundation, University of
Ljubljana.

REFERENCES

ARMSTRONG RB, SAUBERT CW, SEEHERMAN HJ, TAYLOR CR (1982)
Distribution of fiber types in locomotory muscles of dogs.
American Journal of Anatomy 163, 87-98.

ARMSTRONG RB, PHELPS RO (1984) Muscle fiber type composition
of the rat hindlimb. American Journal of Anatomy 171, 259-272.



410 L. Travnik, F. Pernus and L Erzen

BASMAJIAN JV, DELUCA CJ (1985) Muscles Alive: Their Functions
Revealed by Electromyography, 5th edn. Baltimore: Williams &
Wilkins.

BAUGHER WH, WARREN RF, MARSHALL JL, JOSEPH A (1980)
Histochemical analysis of muscle atrophy in the unstable knee.
Orthopaedic Transactions 4, 188-189.

BENNINGTON JL, KRUPP M (1984) Morphometric analysis of
muscle. In Muscle Pathology. Contemporary Issues in Surgical
Pathology (ed. R. R. Heffner), vol. 3, pp. 43-71. New York:
Churchill Livingstone.

BLOMSTRAND E, CELSING F, FRIDEN J, EKBLOM B (1984) How to
calculate human muscle fibre areas in biopsy samples-
methodological considerations. Acta Physiologica Scandinavica
122, 545-551.

BooTH FW, KELSO JR (1973) Effect of hindlimb immobilization on
contractile and histochemical properties of skeletal muscle.
Pfldgers Archiv 342, 231-238.

BOSE K, KANAGASUNTHERAM R (1980) Vastus medialis oblique: an
anatomic and physiologic study. Orthopedics 3, 880-883.

BROOKE MH, ENGEL WK. (1969) The histographic analysis of
human muscle biopsies with regard to fiber types. 2. Diseases of
the upper and lower motor neuron. Neurology (Minneapolis) 19,
378-393.

BROOKE MH, KAISER KK (1970) Muscle fibre types: how many and
what kind? Archives of Neurology 23, 369-379.

CONDON K, SILBERSTEIN L, BLAU HM, THOMPSON WJ (1990)
Development of muscle fiber types in the prenatal rat hindlimb.
Developmental Biology 138, 256-274.

COSTILL DL, COYLE EF, FINK WF, LESMES GR, WITZMANN FA
(1979) Adaptations in skeletal muscle following strength training.
Journal of Applied Physiology 46, 96-99.

DRAEGER A, WEEDS AG, FITZSIMONs RB (1987) Primary, secondary
and tertiary myotubes in developing skeletal muscle: a new
approach to the analysis of human myogenesis. Journal of the
Neurological Sciences 81, 19-43.

DUBOWITZ V (1985) Muscle Biopsy: A Practical Approach. London:
Bailliere Tindall.

EDSTROM L (1970) Selective atrophy of red muscle fibres in the
quadriceps in long-standing knee-joint dysfunction. Injuries to
the anterior cruciate ligament. Journal of the Neurological
Sciences 11, 551-558.

ELDER GCB, BRADBURY K, ROBERTS R (1982) Variability of fiber
type distributions within human muscles. Journal of Applied
Physiology 53, 1473-1480.

ENGEL AG (1986) Quantitative morphological studies of muscle. In
Myology (ed. A. G. Engel & B. Q. Banker), pp. 1045-1079. New
York: McGraw-Hill.

ERZEN I, PERNUS F, SIRCA A (1990) Muscle fibre types in the human
vastus lateralis muscles: do symmetrical sites differ in their
composition? Anatomischer Anzeiger 171, 55-63.

ESSiN-GUSTAVSSON B, BORGES 0 (1986) Histochemical and meta-
bolic characteristics of human skeletal muscle in relation to age.
Acta Physiologica Scandinavica 126, 107-114.

Fox TA (1975) Dysplasia of the quadriceps mechanism. Hypoplasia
of the vastus medialis muscle as related to the hypermobile
patella syndrome. Surgical Clinics ofNorth America 55, 199-226.

GLENMARK B, HEDBERG G, JANSSON E (1992) Changes in muscle
fibre type from adolescence to adulthood in women and men.
Acta Physiologica Scandinavica 146, 251-259.

GOLLNICK PD, ARMSTRONG RB, SAUBERT CW, PIEHL K, SALTIN B
(1972) Enzyme activity and fiber composition in skeletal muscles
in untrained and trained men. Journal of Applied Physiology 33,
312-319.

GRABINER MD, KOH TJ, MILLER GF (1991) Fatigue rates of vastus
medialis oblique and vastus lateralis during static and dynamic
knee extension. Journal of Orthopaedic Research 9, 391-397.

GUTH L, SAMAHA FJ (1969) Qualitative differences between

actomyosin ATPase of slow and fast mammalian muscle.
Experimental Neurology 25, 138-152.

HANTEN WP, SCHULTHIES SS (1990) Exercise effect on electro-
myographic activity of the vastus medialis oblique and vastus
lateralis muscles. Physical Therapy 70, 561-565.

HARRIS JA, FITZSIMONs RB, McEWAN JC (1989) Neural control of
the sequence of expression of myosin heavy chain isoforms in
foetal mammalian muscles. Development 107, 751-769.

INSALL J (1982) Current concepts review: patellar pain. Journal of
Bone and Joint Surgery 64A, 147-152.

JOHNSON MA, POLGAR J, WEIGHTMAN D, APPLETON D (1973) Data
on the distribution of fibre types in thirty-six human muscles. An
autopsy study. Journal of the Neurological Sciences 18, 111-129.

LEXELL J, HENRIKSSON-LARSIN K, SJOSTROM M (1983) Distribution
of different fibre types in human skeletal muscles. 2. A study of
cross-sections of whole m. vastus lateralis. Acta Physiologica
Scandinavica 117, 115-122.

LEXELL J, TAYLOR CC, SJOSTROM M (1988) What is the cause of the
aging atrophy? Total number, size and proportion of different
fiber types studied in whole vastus lateralis muscle from 15- to 83-
year-old men. Journal of the Neurological Sciences 84, 275-294.

LEXELL J, JARVIS JC, CuRRIE J, DOWNHAM DY, SALMONS S (1994)
Fibre type composition of rabbit tibialis anterior and extensor
digitorum longus muscles. Journal of Anatomy 185, 98-101.

LEB FJ, PERRY J (1968) Quadriceps function. An anatomical and
mechanical study using amputated limbs. Journal of Bone and
Joint Surgery 50A, 1535-1548.

LINDBOE CF, PLATOU CS (1982) Disuse atrophy of human skeletal
muscle. An enzyme histochemical study. Acta Neuropathologica
(Berlin) 56, 241-244.

LINDMAN R, ERIKSSON A, THORNELL L-E (1990) Fiber type
composition of the human male trapezius muscle: enzyme-
histochemical characteristics. American Journal ofAnatomy 189,
236-244.

MAHON M, TOMAN A, WILLAN PLT, BAGNALL KM (1984)
Variability of histochemical and morphometric data from needle
biopsy specimens of human quadriceps femoris muscle. Journal
of the Neurological Sciences 63, 85-100.

McLENNAN IS (1983) The development ofthe pattern ofinnervation
in chicken hindlimb muscles: evidence for specification of nerve-
muscle connections. Developmental Biology 97, 229-238.

M0LLER BN, JURIK AG, TIDEMAND-DAL C, KREBS B, AARIS K
(1987) The quadriceps function in patellofemoral disorders. A
radiographic and electromyographic study. Archives of Ortho-
paedic and Trauma Surgery 106, 195-198.

NYGAARD E, SANCHEz J (1982) Intramuscular variation of fiber
types in the brachial biceps and the lateral vastus muscles of
elderly men: how representative is a small biopsy sample:
Anatomical Record 203, 451-459.

OERTEL G (1988) Morphometric analysis of normal skeletal muscles
in infancy, childhood and adolescence. An autopsy study. Journal
of the Neurological Sciences 88, 303-313.

OUTERBRIDGE RE, DUNLOP JAY (1975) The problem of chondro-
malacia patellae. Clinical Orthopaedics and Related Research
110, 177-196.

-PADYKULA HA, HERMAN E (1955) The specificity of the histo-
chemical method for adenosine triphosphatase. Journal of
Histochemistry and Cytochemistry 3, 170-183.

PERNUS F, ERZEN I (1994) Fiber size, atrophy, and hypertrophy
factors in vastus lateralis muscle from 18- to 29-year-old men.
Journal of the Neurological Sciences 121, 194-202.

PETTE D (ed.) (1980) Plasticity of Muscle. Berlin: deGruyter.
PErrE D, VRBOVA G (1992) Adaptation of mammalian skeletal

muscle fibers to chronic electrical stimulation. Reviews of
Physiology, Biochemistry and Pharmacology 120, 116-202.

POLGAR J, JOHNSON MA, WEIGHTMAN D, APPLETON D (1973) Data
on fibre size in thirty-six human muscles. An autopsy study.
Journal of the Neurological Sciences 19, 307-318.



Human vastus medialis muscles 411

RUBINSTEIN NA, KELLY AM (1981) Development of muscle fiber
specialization in the rat hindlimb. Journal of Cell Biology 90,
128-144.

SALTIN B, HENRIKSSON J, NYGAARD E, ANDERSEN P, JANSSON E
(1977) Fiber types and metabolic potentials of skeletal muscles in
sedentary man and endurance runners. Annals of the New York
Academy of Sciences 301, 3-29.

SANDSTEDT PER (1981) Representativeness of a muscle biopsy
specimen for the whole muscle. Acta Neurologica Scandinavica
64, 427-437.

SPEAKMAN HGB, WEISBERG J (1977) The vastus medialis contro-
versy. Physiotherapy 63, 249-254.

VERMA A, BRADLEY WG, SOULE NW, PENDLEBURY WW, KELLY J,
ADELMAN LS et al. (1992) Quantitative morphometric study of
muscle in inclusion body myositis. Journal of the Neurological
Sciences 112, 192-198.

WEINSTABL R, SCHARF W, FIRBAS W (I1989) The extensor apparatus
of the knee joint and its peripheral vasti: anatomic investigation
and clinical relevance. Surgical and Radiologic Anatomy 11,
17-22.

WILSON SJ, MCEWAN JC, SHEARD PW, HARRIS AJ (1992) Early
stages of myogenesis in large mammal: formation of successive
generations ofmyotubes in sheep tibialis cranialis muscle. Journal
of Muscle Research and Cell Motility 13, 534-550.


